Optimization for a Thermochemical Energy Storage-reactor based on Entransy Dissipation Minimization  by Zheng, Zhang-Jing et al.
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Applied Energy Innovation Institute
doi: 10.1016/j.egypro.2015.07.144 
 Energy Procedia  75 ( 2015 )  1791 – 1796 
ScienceDirect
The 7th International Conference on Applied Energy – ICAE2015 
Optimization for a thermochemical energy storage-reactor 
based on entransy dissipation minimization 
Zhang-Jing Zhenga, Yan Heb, Ya-Ling Hea,* 
aKey Laboratory of Thermo-Fluid Science and Engineering of Ministry of Education, School of Energy and Power Engineering, 
Xi’an Jiaotong University, Xi’an, Shaanxi 710049, China 
bSchool of Mechatronic Engineering, Qingdao University of Science & Technology, Qingdao, Shandong 266061, China 
Abstract 
In this paper, a thermochemical energy storage-reactor (TESR) is optimized based on entransy theory to reduce the 
irreversibility of heat transfer and reaction. Two types of optimization problems including fixed chemical energy 
conversion and fixed total heat flux are discussed detail. Firstly, the formula of entransy dissipation for the process of 
TTES is derived based on the entransy balance equation, then a casing TTES with methane-water reforming is 
optimized for entransy dissipation minimization (EDM). The optimized results based on EDM are also compared 
with that based on entropy production minimization (EPM). The results show that: there are some similarities and 
differences between EDM and EPM for optimizing the TESR. The similarity is that the heating temperature along the 
reaction flow should be non-linear, to decrease the total irreversibility. The difference is that the EDM is focused on 
decreasing the irreversibility of heat transfer, and the EPM is focused on decreasing the irreversibility of reaction. 
The total heat consumption based on EDM is lower than that based on EPM when the chemical energy conversion is 
certain, and the chemical energy conversion based on EDM is higher than that based on EPM when the total heat flux 
is certain. 
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1. Introduction 
Thermal energy storage (TES) is a promising technology to alleviate energy crisis and environmental 
issues. TES can not only reduce the energy consumption, but also correct the mismatch between the 
supply and demand of energy [1]. There are three basic methods of TES systems: sensible, latent and 
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thermochemical. The thermochemical TES (TTES) has some advantages like high storage energy 
densities, storage duration at ambient temperature, transport over long distances, potential relatively low 
costs in the future, et al [2]. However, the TTES is still far from being commercial, and more research is 
needed [3].  
The thermochemical energy storage-reactor (TESR) is a key component of TTES system, and has 
direct effect on the system performance and reliability. Until now, the optimization of TESR has been 
reported rarely. However, many optimization studies for more general reactors have been carried out 
based on entropy production minimization (EPM). Nummedal et al. [4] optimized an ammonia reactor 
based on EPM, and the entropy casused by heat transfer and reaction were considered. Furthermore, they 
optimized a methane-water reformer, the entropy casused by flow were also considered [5]. Johannessen 
et al [6] and Kjelstrup et al [7] also optimized the sulfur dioxide reactor and methanol reactor based on 
EPM respectively. On the other hand, Guo et al. [8] introduced the new physical quantities of entransy 
and entransy dissipation which represent the heat transfer capacity of an object and the irreversibility of 
heat transfer respectively. The extremum principle of entransy dissipation and minimum entransy 
dissipation per unit energy transferred principle have been used to optimize some processes, i.e. basic 
heat transfer process [9], heat exchangers [10], phase change energy storage [11], and mass transfer [12]. 
The entransy theory provides a new standard for the optimization of processes involving heat transfer and 
mass transfer, and can solve the problem of “entropy generation paradox”.  
In this paper, a casing TESR with methane-water reforming is optimized based on entransy dissipation 
minimization (EDM), and the optimized results are compared with that based on EPM. The new 
optimization method can be extended to the optimal design for other kinds of TESRs or more general 
reactors. 
2. Physical model 
There are many reactions can be applied to TTES for different purposes, including methane-water 
reforming, ammonia dissociation and synthesis, sulfur trioxide reduction-sulfur dioxide oxidation, et al 
[13]. In this paper, a casing TESR with methane-water reforming is considered, and its schematic is 
shown in Fig. 1. The catalyst particles are placed in the inner tube, and the heat transfer fluid passes 
through the casing annulus. The heat transfer fluid heated by solar or waste heat enters the TESR and 
heats the reaction mixture during the heat storing process. Meanwhile, the heat is transformed into 
chemical energy through the endothermic reactions in the inner tube. Nummedal et al. [5] designed a 
similar tubular methane-water reformer, and optimized it based on EPM. In order to compare the 
simulation results with that of Nummedal et al. [5] to validate the model of this paper, the basic 
parameters of TESR are as the same as that of Nummedal et al. [5].  
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Fig. 1. Schematic of TESR 
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3. Mathematical model 
3.1. Governing equations 
The main chemical reactions of methane-water reforming taking place on the Ni(Al2O3) catalyst are˖
CH4+H2O↔CO+3H2, CO+ H2O↔CO2+H2, CH4+2H2O↔CO2+4H2. The reaction rates of Xu et al. [14] 
are adopted. The irreversibility of heat transfer and reaction are studied in this paper. A one dimensional 
model without consideration of flow resistance is established. The governing equations including species 
equation and energy equation can be seen in the paper of Kjelstrup [7]. 
3.2. Entransy dissipation and entropy production in TESR 
In this section, the formulas for calculating entransy dissipation and entropy production are deduced 
below based on the entransy balance equation and entropy balance equation respectively. Considering a 
system with K components and R reactions, which includes heat transfer (excluding heat radiation), 
convection, mass transfer, fluid fraction and external forces, the entropy balance equation and entransy 
balance equation of a specific volume system are respectively given as [15]: 
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Where, jq is the heat flux, P is the stress tensor (or pressure tensor), u is the velocity vector, μk is the 
chemical potential, jk is the mass flux, fk is the external force, ri is the reaction rate, νki is the 
stoichiometric number of reaction i. The 1st to 5th term on the right of eqs. (1)/(2) represent the entropy 
flow/entransy flow, entropy production/entransy dissipation caused by heat conduction, entropy 
production/entransy dissipation caused by diffusion, entropy production/entransy dissipation caused by 
viscous dissipation,  and entropy production/entransy dissipation caused by reaction, respectively.  
Ignoring the effects of diffusion, external force and viscous dissipation, the formulas of total entropy 
production and total entransy dissipation can be respectively transformed into: 
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Where, the A is affinity.  
4. The optimization of TESR  
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In order to evaluate the feasibility of using the new performance criterion for the optimization of 
TESR, two types of optimization problems are discussed: (1) optimization of the total heat flux to 
minimize the total entransy dissipation or entropy production, with fixed chemical energy conversion; (2) 
optimization of the chemical energy conversion to minimize the total entransy dissipation or entropy 
production, with fixed total heat flux. These are typical optimal control problems where the state variables 
are the temperature of reaction mixture T(L) and molar flow rate of component k Fk (L), and the control 
variable is the temperature of heat transfer fluid Ta(L).  
The following are the basic processes for extremum optimization problem with constraints:  
Objective functions: total entransy dissipation and total entropy production.
 Constraints: the constraints are divided into two classes [5]: (1) the first class of constraint includes the 
conservation equations; (2) the second class of constraint includes the boundary conditions and the rest.  
Solution of optimization problem: the numerical optimizing method is to divide the TESR into n-1 
control volumes, and the state variables and control variable become vectors with n elements. The 
optimized results are gotten by optimizing the each control variable element. The optimization problem is 
solved by using the MATLAB Optimisation Toolbox function fmincon, and the sequential quadratic 
programming (SQP) algorithm is selected.  
5. Result and Discussion 
5.1. Optimization with fixed chemical energy conversion  
Firstly, the overall performances of TESR for three heating models with fixed chemical energy 
conversion are discussed. The chemical energy conversion is determined by the reference model of 
Nummedal et al. [5]. The entransy dissipation (includes the entransy dissipation caused by heat transfer 
Φh, the entransy dissipation caused by reaction Φc, and the total entransy dissipation Φt), entropy 
production (includes the entropy production caused by heat transfer Sh, the entropy production caused by 
reaction Sc, and the total entropy production St) and total heat flux (Qt) for three heating models are listed 
in Table 1. It can be seen from Table 1, for the methane-water reforming, the irreversibility caused by 
reaction is larger than that caused by heat transfer both from the points of entransy dissipation and 
entropy production, and the total irreversibility of TESR can be reduced both based on EDM and EPM. It 
can also be seen from Table 1 that there are some differences between EDM and EPM for optimizing the 
TESR. The EDM focuses on decreasing the irreversibility of heat transfer, and EPM focuses on 
decreasing the irreversibility of reaction. Furthermore, for a TESR, it is hoped that the total heat 
consumption could be as small as possible under given chemical energy conversion. It can be seen from 
Table 1 that the optimized total heat flux based on EDM is less than that based on EPM.  
Table 1. The performances of TESR for three heating models with fixed chemical energy conversion 
Conditions Φh/W·K Φc/W·K Φt/W·K Sh/W·K-1 Sc/W·K-1 St/W·K-1 Qt/W 
reference 2.041×107 4.458×107 6.499×107 22.81 62.40 85.21 85208.75 
EPM 2.518×107 3.881×107 6.399×107 24.91 54.22 79.13 84794.27 
EDM 2.108×107 4.085×107 6.193×107 22.97 57.33 80.30 84596.76 
 
The local heat transfer fluid temperature and methane conversion (ηc,CH4=ΔFCH4/FCH4,in) along the 
TESR for three different heating models are also studied, shown in Figs. 2 and 3 respectively. As can be 
seen in the Fig. 2, there are some similarities and differences between the optimized heat transfer fluid 
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temperature based on EDM and EPM. The similarity is that the temperature of heat transfer fluid along 
the flow of reaction mixture should be increased according to both EDM and EPM. Therefore, the heating 
strategy of reference model can reduce the irreversibility of TESR, but it is not the best way. It can also 
be seen from Fig. 2 that the heating strategy of EPM model is more rigorous than that of EDM model. It 
can be seen from Fig. 3 that the methane conversions of three different heating models are also different 
due to the different heat transfer fluid temperatures.  
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Fig. 2. The temperature of heat transfer fluid variation versus 
the length of TESR 
Fig. 3. The methane conversion variation versus the length of 
TESR 
5.2. Optimization with fixed total heat flux 
The difference between EDM and EPM for optimizing the TESR with fixed total heat flux is also 
discussed, and the fixed total heat flux is also calculated from the reference model. The performances of 
TESR for three heating models are listed in Table 2. It can be seen from Table 2 that the irreversibility of 
heat transfer is sacrificed to minimize the total irreversibility based both on EDM and EPM. But the 
optimized entransy dissipation of heat transfer based on EPM is one order greater in magnitude than that 
of EDM model. Furthermore, for a TESR, it is hoped that the chemical energy conversion (methane 
conversion) could be as large as possible under given total heat flux. It can be seen from Table 2 that the 
optimized methane conversion based on EDM is higher than that based on EPM.  
Table 2. The performances of TESR for three heating models with fixed total heat flux 
Conditions Φh/W·K Φc/W·K Φt/W·K Sh/W·K-1 Sc/W·K-1 St/W·K-1 ηc,CH4 
Reference 2.041×107 4.458×107 6.499×107 22.81 62.40 85.21 0.3205 
EPM 2.235×108 3.207×107 2.556×108 32.46 45.24 77.70 0.2678 
EDM 2.167×107 4.004×107 6.171×107 23.32 57.06 80.38 0.3171 
6. Conclusion 
A casing TESR with methane-water reforming is optimized based on EDM, and the optimized results 
based on EDM are also compared with that based on EPM. 
There are some similarities between EDM and EPM for optimizing a TESR with methane-water 
reforming. The temperature of heat transfer fluid should nonlinearly increases along the flow of reaction 
mixture to decrease the total irreversibility. However, there are also some differences between EDM and 
EPM for optimizing a TESR with methane-water reforming. EDM focuses on decreasing the 
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irreversibility of heat transfer, and EPM focuses on decreasing the irreversibility of reaction. The heating 
condition of EPM model is more rigorous than that of EDM model. 
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